Abstract. The strength of materials at high strain levels has been determined using the so-called Continuous-Bendingunder-Tension (CBT) test. This is a modified tensile test where the specimen is subjected to repetitive bending at the same time. This test enables to create high levels of uniform strain. A wide variety of materials has been tested this way. The strength of the material after CBT testing has been measured in different ways: by secondary tensile tests, by interrupted CBT tests, and directly from the fracture in the CBT test. All methods yield similar results: the strength is largely unaffected by the cyclic pre-deformation and mainly depends on the overall increase in length. Only for multiphase materials the strength shows a minor influence of CBT test conditions. The hardening follows the extrapolated hardening observed in a conventional tensile test, except for brass. This test method can potentially be used for measuring hardening curves at high strain levels.
Introduction.
In sheet metal forming operations, frequently high levels of strain are obtained. To analyze or simulate these operations, the material behaviour at these high levels of strain has to be known. The best known material characterization test is the tensile test, but the uniform strain in a tensile test is limited, and often much lower than obtained in practical forming operations. To obtain material characteristics at higher levels of strain other tests are used, like compression tests, or characteristics are obtained from the diffuse neck in a tensile test.
Another approach is to use a classical tensile test but to suppress the instability that limits a tensile test in some way. This idea was first proposed by Taraldsen [1] . In his paper he discusses this approach in detail, and presents an adapted tensile test where during the test a set of two rolls is continuously moving up and down the specimen. These rolls supply a modest contact stress at the line of contact and in this way uniform elongations of up to 600% have been obtained. He actually used square and octagonal shaped specimens applying a complex set of rollers, but Rijken has showed that the same principle can be used on strip as well with only a single set of rollers obtaining 100% elongation [2] . A similar test was proposed by Benedyk et al. who, however, applied a set of three rolls as in a three point bending test, making it experimentally simpler [3] . The material is subjected to cyclic bending-under-tension, hence the test was called ContinuousBending-under-Tension (CBT) test; both tests have been compared by Taraldsen in a later paper [4] . Benedyk proposed his test as a means to obtain high levels of uniform elongation, but did not study the properties of the material after performing the CBT test. He later proposed this test as a formability test [5] .
The authors have used the CBT test in their laboratory from 2007 onwards to study effects of repetitive bending in incremental sheet forming (ISF). In previous papers results have been presented that showed that high levels of uniform elongation can be obtained easily. Levels of 200% are obtained for many materials, and levels of over 400% have been obtained in a few cases [6, 7] . Recently also Allwood and Shouler [8] have applied this test, but as far as known to the authors the CBT test has not been used elsewhere.
The aim of the present paper is to propose the CBT test as a new test method for determining the hardening relation of sheet metals at high levels of uniform elongation. As such this paper will pay much attention to experimental procedures and present a background for institutes that are considering using this type of test. As the material is subjected to cyclic bending, the effect of cyclic straining on the final material properties is a second subject of investigation. Section 2 presents a general introduction to the CBT test. The test method has been described in detail in a previous paper [7] , including the underlying mechanics and the phenomenology, so only a limited description is presented here. Section 3 discusses in detail the strain history and strain state, as this differs from that in a conventional test and is relevant for the final material hardening. Sections 4 and 5 present the general experimental procedures and material selection. Sections 6 and 7 explain in detail how stress and strain have been measured. The results are presented in section 8 and discussed in sections 9 and 11. Section 10 speculates on a simplified use of the CBT test, and final conclusions are presented in section 12. The CBT test is in fact a conventional tensile test carried out on a large tensile test specimen, whilst at the same time a set of three rolls is continuously moving up and down this specimen; this is schematically presented in Fig. 1 . The bending of the strip by the rolls is considered to be bending-under-tension, meaning that the level of bending is so severe that at the concave side of the specimen the fibres are actually in compression. Note that the actual bending radius is larger than the roll radius; it is determined by an equilibrium between pulling force and bending moment and therefore depends on experimental conditions. The simultaneous bending of the material reduces the tensile force required for plastic deformation. This ensures that only material actually being bent will deform and the test is in fact an incremental forming operation. The simultaneous bending also stabilizes the deformation process so that high levels of uniform elongation can be obtained; this stabilizing effect is discussed in detail in [9] . This test differs essentially from the conventional tensile test in some ways. As only material actually being bent will deform, only material 'visited' by the rolls will elongate. This means that in fact the gauge length remains constant being just the stroke of the roll set up-down movement. This supplies a simple relation between the logarithmic strain (NOT the technical strain!) and the total elongation:
Basic description of the CBT test
where l is the elongation of the sample, and l 0 the up-down stroke [7] . This relation can be verified simply, see section 6. Consequently: the maximum strain in a single test is equal to  max = s cb /s ud , where s cd is the cross-bar stroke, and s ud the up-down stroke. Another aspect is that the strain increment of the material at each passage of the roll set is equal to
where v ud is the speed of the up-down movement and v cb is the cross bar speed [6] . This means that the mechanics of the test is only determined by the ratio between cross-bar speed and roll speed, not by the individual speeds. The underlying mechanics is further discussed in detail in [7] . Another-very relevant-difference with the conventional tensile test is that the strain state varies over the thickness of the specimen; this is explained in the next section. To provide a general impression of the CBT test, a set of representative force-displacement curves for mild steel are presented in Fig. 2 . These curves have been obtained with different cross-bar speeds, keeping all other parameters constant. In general the curves have the same shape as forcedisplacement curves from conventional tensile tests, in detail however they can be characterised as a set of alternating higher and lower plateaus between force peaks, clearly noticeable for example in the 3.5 mm/s curve. The force peaks originate from the reversal of the roll movement, where momentarily the sample is elongated without bending. The higher plateaus occur when the roll-set is moving away from the force transducer, the lower plateaus when the roll-set is moving towards the force transducer. In this way the individual up-down strokes of the roll set can be distinguished easily. The detailed shape of the force curves is discussed in [10] . At low cross-bar speeds the number of roll-set strokes to obtain a certain elongation is high, obviously, but also the force is clearly lower. This is a direct consequence of relation (2): lower cross-bar speeds require a lower strain increment per roll passage at the same amount of bending, for which a lower pulling force is required. This reduced force is caused by the fact that part of the cross-section is in compression and not by the Bauschinger effect (see next section). At very high cross-bar speeds the number of up-down strokes is just a few. At these speeds the test resembles a conventional tensile test and the recorded force is only slightly lower than when tested without rolls. A consequence of the high pulling force is that the elongation might not be longer restricted to the zones of bending, but that other parts of the specimen elongate as well. This creates a deviation from the relations (1) and (2) that where derived under the assumption that only material being bent will elongate.
Strain history and material failure
The CBT test is proposed to determine the hardening of sheet metal. In general the hardening depends on the strain history and the strain state of the material, and that is discussed in detail in this section. As mentioned above the deformation process is bending-under-tension (stretch bending) meaning that at the concave side the fibres are in compression. This means that the neutral line is located inside the strip. The situation is visualized in Fig. 3 . The top figure presents the strain distribution in a bending and consecutive reverse bending operation with simultaneous stretching, for example occurring in a situation were at A and C the strip is straight and at B the strip is curved. The figure shows that in the centre of the strip (zone I) the material is subjected to monotonous stretching only. However in the zones near the surface (labelled II) the material is subjected to repetitive tension and compression evoking strain reversal. The strain history for the locations 1-4 is presented in Fig. 3 , bottom. In the outer zones II the material is subjected to repetitive reverse straining (ratcheting). This affects the stress level in zone II by the occurrence of the Bauschinger effect. The width of the central zone varies from case to case. In tests carried out at low pulling speeds it can be very small, estimated only 10% of the total thickness. In tests carried out at high speeds it can occupy almost the whole strip thickness.
The cyclic straining in the zones II can be further noticed in Fig. 4 that shows the stress history for three points during one complete up-down cycle of the roll set; one in the centre of the specimen and two near the surface (lower and upper), the data are obtained from FEM simulations described in detail in [10] . The two passages of the roll set can be easily distinguished, one at roughly 36.5 s, the return at roughly 38.5 s.
The graph shows that of the two points near the surface always one is in tension, the other is in compression. This indicates that at all times part of the cross-section is in compression but this situation changes eventually. During a test the relative width of zone I increases gradually as the strip thins constantly. If the test continues the neutral line for bending finally shifts out of the material, reducing the width of the zones II to zero, meaning that the whole cross-section is in tension. From that moment on the test continues as a conventional tensile test, albeit on highly deformed material, creating rapid fracture. This failing mechanism could also be observed in the FEM simulations from which Fig. 4 was taken, see [10] for more details. This type of failure is called failure by instability, it occurs when the stabilizing effect of the bending operations is lost. A typical characteristic is that for specimens failing by instability the elongation at fracture decreases with increasing cross-bar speed.
As the material is subjected to cyclic straining failure by low-cycle fatigue is possible as well. This indeed occurs with all materials at low testing speeds and is the reason that fatigue sensitive materials like aluminium and leaded brass show relatively poor overall performance in this type of test. A typical characteristic of this type of failure is that the elongation at fracture increases with increasing cross-bar speed.
Basic experimental procedures
The CBT test requires a tensile testing machine with an additional drive for the roll-set movement. The set-up that was used by the authors is shown in Fig. 5 .
The machine is an MTS 810 hydraulic tensile testing machine. This allows high velocities and fast response in feed-back mode, but the stroke is limited by the hydraulic cylinder to max. 160 mm. This also dictates the usable up-down stroke, as that determines the length strain, see equation (1) . A default stroke of 140 mm was chosen, this allows a maximum true strain of 160/140 = 1.14 and creates a zone of uniform strain of approx. 10 cm length (see Fig. 8 ). This strain limit was sufficient for most materials, but notably for mild steel and stainless steel smaller up-down strokes had to be applied occasionally as these materials can be stretched to higher strains. Presumably a fast mechanical testing machine with larger stroke is better suited. A compact and simple roll-set was constructed. This allows only variation in the roll penetration P (see Fig. 1 ). This setting determines the nominal bending angle  as in Fig. 1 , this varied from 2.7 to 18 assuming a membrane situation. The roll set was attached to a computer controlled INA linear drive using a high-precision screw shaft, similar to mechanical testing machines. This updown drive was very large and situated inside the frame. Therefore the jaws could not come close together. This has been solved simply by applying very large specimens of which only a small part is actually used. The device had a vertical load limitation of only 1000 N, which restricted testing of high-strength materials.
The dimensions of the specimen are shown in figure 6 . The elongation of the wider parts could be ignored except for soft brass and stainless steel that show high levels of work hardening. These materials showed occasionally considerable elongation of the wider parts in high-speed tests. In this paper sample elongation always means: the elongation of the central, narrow part. A test series comprises a series of tests with various cross-bar speeds; the up-down speed was held constant at 66 mm/s in all tests. The cross-bar speed is limited at the upper side by the condition that at least one complete up-down stroke should be performed, and at the lower side mainly by time considerations, the slowest test took roughly 15 min. The number of up-down strokes in a single test varied from just a few, to roughly two hundred. Most tests, including those shown in Fig. 2 , were performed at constant cross-bar speed as in a conventional tensile test. The following procedure evolved after some preparatory tests: a sample is placed in the machine and aligned; a small tension load of 100 N is applied and kept constant while the roll-set is tightened; the roll-set is started, initially still under force control and one complete updown stroke is performed, mainly to see if the clamping by the self-acting jaws is secure; after that the cross bar movement is started also and the test continues under constant speed control. Contrary to conventional tests, the CBT test can also be performed as a constant force test. The procedure is as follows: a sample is placed in the machine and aligned; a small tension load of 100 N is applied and kept constant while the roll-set is tightened; the final load (either below of above the yield stress) is applied and kept constant during the whole test under force feed-back, after a few seconds the roll-set is started as well and the sample elongates. This has only been done in a limited number of cases that are indicated specifically. This procedure can probably only be performed using hydraulic machines as the feed-back system must correct the force peaks shown in Fig 2 by adjusting the cross-bar speed rapidly. Constant force tests are particularly suitable for tests at high speed, where the pulling force is only slightly lower than the material strength.
The test continues either until fracture or until a prescribed displacement is obtained. In a few cases the test was performed as a constant speed test, but after a certain elongation the roll-set was stopped while the test continues, from that moment on as a conventional tensile test causing rapid fracture. These tests are called interrupted test, and some examples of recorded force-displacement curves are shown in Fig. 7 . In this figure A, B and C are interrupted tests; D is an uninterrupted test, tested until fracture. Preliminary tests showed that it makes no difference if the roll set is just stopped and remains tightened, or is removed completely. In the test, one end of the specimen is held stationary and the other end is attached to the moving 'cross-bar'. This creates an asymmetric shape as shown in Fig. 8 . The deformation is concentrated into the zone that is repetitively bent by the moving rolls indicated by the rectangle in Fig. 8 of approx. 10 cm length. Below that (to the right in Fig. 8 ) a tapered section originates from material that is moved out of the deformation zone at increasing strain levels. Finally, a complete overview of testing conditions is presented in table 1. (Fig. 1) 15 mm Roll distance L (Fig. 1) 35 mm Roll penetration P (Fig. 1) 
Material selection
A wide variety of materials has been used in the test allowing thorough conclusions about influence of material. The selection comprises bcc, fcc and hcp crystal structures, single phase and dual phase structures, materials that deform by twinning (brass, possibly titanium), and variations in thickness, formability and pre-deformation. The tests were carried out in close co-operation with Tata Steel, Netherlands, who supplied all the low-C steel and aluminium variants, and performed all the material characterization and the grid measurements. The stainless steel was obtained directly from the manufacturer Outokumpu, Finland, the brass and titanium materials were obtained on the commercial market.
An overview of all materials tested is presented in Table 2 . All data have been obtained in standardized tensile tests (Euronorm), except for m. The strain-rate hardening coefficient m is defined as m = dlog()/dlog(), this was determined from the force maxima (UTS) in three tensile tests carried out at 0.2, 1 and 5 mm/s (v) respectively by fitting a straight line through the log(UTS)-log(v) data. Material SS1 shows an anomalous strain-rate dependency: carrying out separate tests with different speeds yields another result than abruptly changing the speed in a single test. The force maxima showed a negative strain-rate hardening, but the force at lower strains showed a positive effect. This is probably due to the temperature dependent transformation from austenite to martensite. The amount of post-uniform elongation indicates that the momentary strain-rate hardening is positive. 
Strain measurements
The aim of this paper is to study material strength at high strain levels, so both stress and strain have to be determined. The previous sections have mentioned a zone of uniform deformation, see Fig. 8 . The question is now how uniform the strain is in that zone. A thorough investigation would be to map the strain in that zone completely by using measuring grids, either regular or irregular, by well known techniques. However this is difficult for various reasons:
 The high level of strain exceeds the limits of some techniques  The severe level of roughening of the surface makes detection difficult  The frequent passing of the rolls might damage the grid  The presence of the roll set hinders real-time optical measurements A single attempt has been made by applying a regular grid of 2 mm spacing on a mild steel sample. The grid was etched into the surface being the most robust way to apply a grid, but only incomplete results could be obtained due to severe deterioration of the grid. The major strain at the centre of the strip in the narrow section (see Fig. 6 ) is presented in Fig. 9 . The position is measured from the top; the orientation is similar to that in Fig. 8 . This figure shows that in the tapered part, roughly at positions 170-320 mm, the strain varies linearly with position. This is an indirect confirmation of equation (1 The variation of strain over the width of the specimen in the tapered part is presented in Fig.10 . From this figure it was concluded that within the accuracy of the measurements the strain is uniform over the width of the specimen.
The mean strain can also be determined by measuring both the width and thickness of the specimen after the test. This has been done by hand for all samples. The width was measured using a vernier calliper of 0.05 mm resolution and turned out to be constant over the uniform zone within 0.1 mm. This means that the error in width measurement is less than 1% which is acceptable. The thickness was measured with a conventional screw thread micrometer of 0.005 mm resolution. This was more difficult to perform due to non-flatness of the specimen which is caused by the facts that after the tests the specimen is curved, and in the final stages shows transverse bands, see [7] . Careful measuring showed that the thickness is uniform within 0.02 mm, for many specimens even 0.01 mm. This means that the inaccuracy in thickness measurement is generally in the range 1-5%. A representative collection of resulting width strain and thickness strain for material MS1 is shown in Fig. 11 ; this presents a good impression of the scatter. Note that the ratio between width strain and thickness strain varies with experimental conditions, notably with the centre roll penetration P (see below). However, it is likely that also a systematic error is created, as due to the roughening and non-flatness the thickness might be measured a little too high. Note also that a non-uniform thickness (and consequently: strain) may arise at the final stage of the test prior to failure, due to multiple necking, see [7] .
From the width strain and thickness strain the length strain was determined assuming constant volume, and subsequently the von Mises effective strain. The assumptions underlying this test predict that the length strain is proportional to the sample elongation according to equation (1) . In Fig. 12 the results for material MS1 are presented, where however the elongation has been converted to an up-down stroke of 140 mm when a lower up-down stroke has been applied in the test. Example: if the specimens failed at 150 mm elongation with an up-down stroke of 120 mm, the converted elongation for a 140 mm stroke is equal to 150140/120 = 175 mm. The dashed line in Fig. 12 shows the theoretical relation (1) and the measured strains agree satisfactorily with that. This confirms the assumption underlying this test that only material being bent will actually deform, unless the pulling force is so high that other parts in the narrow section deform as well (these cases are not shown in the figure). From these results the authors have concluded that determining the length strain by width and thickness measurements is sufficiently accurate for the purpose of the experiments, corroborated by the results shown in section 8, and that indeed the deformation is sufficiently uniform. The results presented in Fig 11 show that the width strain is lower than the thickness strain (in absolute values), indicating that the strain state shifts towards plane-strain in the test. The strain state is characterized by the ratio between width strain and thickness strain, just as for the r-value (Lankford's parameter) in the conventional tensile test. The measured value depends on the centre roll penetration, and can both decrease or increase with increasing speed. The mean values for each depth setting have been determined and these are presented in Fig. 13 as an 'apparent r-value' . The values for the as-received material are presented as negative settings, the setting to ensure that there is just no bending (penetration = -thickness). The graph shows that all materials more or less show the same behaviour although mild steel seems more affected than the other materials. There is a tendency to shift towards plane strain (r = 0), and more for a deeper penetration (read: larger bending angle). It should be emphasized that the strain state varies over the width of the specimen, the values presented in Fig. 13 only being an average. At the very edges the strain state is always uniaxial. This different state at the edges could be seen by close examination of the specimens, see [7] .
Stress measurements
The strength after testing (level of hardening) has been determined in three ways, described in the following sections. The strength has been obtained both from specimens pulled until fracture, and from specimens where the CBT test was simply stopped after reaching a certain elongation. The most rigorous way to determine the strength after the CBT test is to perform an additional, conventional tensile test. This has been done by cutting a small sample out of the tested specimens as shown in Fig. 14 . The geometry was chosen simply as it was a Tata Steel in-house standard size and fit for the purpose. These tests can only be performed on specimens where the uniform part is without visible defects like small necks, and for fractured specimens where the fracture leaves a sufficiently long uniform part. In several occasions the specimens showed premature failure in the secondary test, meaning that the force-displacement curve did not show a proper maximum as shown in Fig. 15 , left. This is presumably caused by damage that was already accumulated during the CBT test, and occurred notably with aluminium; these results have been discarded. Only results from tests showing a proper force maximum as shown in Fig. 15 , right, have been used, and from these tests the UTS and uniform elongation were used to determine the overall strength. This method presents the most accurate results, but requires also the most effort.
Secondary tensile test.
These secondary tests have also been performed on as-received material, and on samples prestrained without bending, for comparison.
Specimens failed by instability.
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If the test is not interrupted and does not fail by fatigue, it finally ends by instability as explained in section 3. In that case, in the very final stage of the test the whole cross-section of the specimen is subjected to tension and not only the centre part. This means that from that moment on the mean tension stress (force / area) is equal to the mean flow stress of the material, averaged over the whole cross-section. In general the sample will fail quickly as can be seen for example in the FEM simulations presented in [10] . The stress and strain at fracture have been determined for all samples for which it was clear that indeed failure was by instability, but this occurred not to the same extent for all materials. A necessary condition is that the fracture is at an oblique angle as in a conventional test (see [7] for a discussion on fracture types). The cross-section area has been determined by measuring width and thickness of the uniform part as described in section 6. If the sample showed a clear diffuse neck (notably for titanium) the cross-section of that neck was determined in the same way and used instead. The force at fracture was determined from the measured force-displacement curves, but this was not always simple. In many cases the tests ends on a force peak and the force at fracture is simple to determine; see for example curve D in Fig. 7 , and also the 3.5 mm/s curve in Fig. 2 . In some cases the force decreases gradually at fracture as for example shown in the 5 mm/s and 7 mm/s curves in Fig. 2 . In those cases it is not clear what the 'force at fracture' is exactly, and this creates an additional inaccuracy. From these data both stress and strain at fracture are determined, but the accuracy is lower than with the secondary tensile tests.
Interrupted tests.
Another way is to perform interrupted tests that have already been mentioned in section 3. Examples have been presented in Fig. 7 showing actually recorded force-displacement curves. Curves A, B and C are interrupted tests; note the difference in elongation until fracture after interruption. Curve D is from an uninterrupted test.
The interrupted test can be regarded as an in-situ secondary test. The strength is determined from the pulling force at fracture, and the cross-section area of the specimen is determined as described in section 7.2. This method has been applied on only a few samples of two materials.
Results
The results for material MS1 are presented in Fig. 16 . The figure presents both stress and strain. The stress is determined as described in the previous section. The strain is always the von Mises effective strain based on the increase in length of the specimen, and NOT the cumulative incremental strain. For results obtained from secondary tensile tests it is the effective strain of the specimen after the CBT test, plus the uniform strain measured in the secondary test. Unless mentioned otherwise, all tests are constant speed tests.
The following items can be found in the following graphs: 1 -a stress-strain curve derived from a secondary test on as-received material; 2 -an extrapolated stress-strain curve assuming power-law hardening using C and n from the measured curve, only for low-C steel; 3 -points derived from the UTS in secondary tests on as-received material; 4 -points derived from secondary tests of samples that have been strained without bending, for comparison;
5 -points derived from secondary tests as described in section 7.1; 6 -points derived from samples showing failure by instability as described in section 7.2; 7 -as 6, but derived from tests with only two rolls instead of three, and applying a constant force (not for all materials).
8 -points derived from interrupted tests as described in section 7.3 (only for materials MS2 and AL2).
It is easily noticed that the points derived from secondary tensile tests (types 3, 4 and 5) coincide with the extrapolated curve, although with a fair amount of scatter. This is an extraordinary result because it suggests that the level of hardening is not at all affected by the cyclic bending operations contrary to what might be expected. This needs further investigation. First of all it should be noticed that the points are derived from a wide variety of samples taken from all test series. This means that the forming history is complex, showing both variations in the number of bending cycles, and in the width of the cyclic zones II (Fig. 3 ). Yet, within an acceptable amount of scatter the results from all samples produce identical results. This is best illustrated by two grey points of type 5 marked A that almost coincide. One has been tested at 3.5 mm/s, the other at 0.35 mm/s. But both fail at the same elongation, meaning that one has been subjected to ten times as many bending cycles as the other, yet both show the same strength! This could imply that some situation of saturation is obtained after a few bending cycles. However, the points between strains of 0.2 and 0.4 can be compared directly to points derived from samples without any bending, and no difference is observed. This indeed strongly supports the conclusion that the overall strength of the samples after testing is not affected by the bending cycles, but only by the total length strain, and obeys the normal hardening relation.
The points taken from failure by instability (items type 6) show somewhat more scatter, and are slightly weaker, but otherwise present the same result. The reduced strength may well be caused by the inaccuracy in the measurements of the cross-section area, that yield a slightly too large value due to non-flatness of the specimens and roughening.
It is well known that low-C steel in general hardens by a power-law relation for low strains in good approximation, but it is also known that this is not always the case for high strains, notably above 1.0. Therefore it is not sure if the extrapolated curve indeed shows the correct hardening. A way to validate the curve would be for example to use samples taken from material rolled to various levels for comparison, but that has not been done here. A compilation of the other mild steel results is presented in Fig. 17 . Basically all materials show the same results, although materials MS3 and MS4 show considerably less scatter than other materials. These two materials have not been subjected to a complete series of tests comprising all combinations of settings, but to a restricted series of tests intended to be used as a reference. Therefore the majority of tests have been carried out at a setting that enabled the largest overall elongation, and the tests have been stopped at certain elongations to provide variations in strain. This shows that the level of scatter can be reduced significantly if the settings are chosen carefully, and also indicates that the inaccuracy in strain measurements is acceptable. The results of these tests have been used successfully as a reference to study material hardening in Incremental Sheet Forming [11] . Materials MS4 and MS5 (and other) show both type 6 and type 7 results, but within the scatter there is no difference between the two types. This further indicates that the strength is little affected by major experimental conditions. The same holds for results type 8 in material MS2 (and AL2). On the other hand, the fact that materials MS3 and MS4 show very low scatter suggests that the larger amount of scatter present in the other materials are not just measuring errors but reflect differences in mechanical properties, that however could not be simply related to differences in the test conditions. It is also observed that data taken from samples pulled to fracture in the CBT test seem to show more scatter than data taken from samples not pulled to fracture. A compilation of the other two low-C steel results is presented in Fig. 18 . Material MS6 is material MS1 but pre-strained, and the extrapolated curve for this material is just the extrapolated curve of material MS1 but shifted accordingly. Basically both materials show the same results as the other materials. Only for dual-phase steel the results type 6 seem to show a more systematic difference as compared to results type 5 at high strain. Dual phase steel also shows a secondary influence of experimental setting that will be discussed below. A compilation of the results for the three aluminium variants is presented in Fig. 19 , no extrapolated hardening curve is presented. The hardening curve differs from that for mild steel as expected. The small irregularities in the measured curve of material AL1 (AA 5182) in the strain 14 range of 0.05 -0.2 are caused by serrated yielding. The aluminium results show less type 6 or type 7 results due to the particular fracture behaviour of that material. This figure also shows the curve for titanium. In general the results agree with those found for the low-C steel variants. Finally, Fig. 20 presents the result for the three brass variants and stainless steel. So far the constructed hardening curve for high strains seemed simply a continuation of the measured curve for low strains. However brass seems to be an exception, and this is most noticeable for soft brass (BR1). Although for that material the results obtained after CBT testing do fit with the measured hardening curve at around 0.5 true strain, the rate of hardening (the slope) seems lower than that of a simple continuation of the measured curve. This is but a visual interpretation as reference data are missing, but it is noticeable. The effect is particularly noticeable when the data are compared to that for stainless steel. Both materials show almost identical hardening in a conventional tensile test (except for the level), yet the measured hardening after the CBT test differs clearly. It is known that yellow brass deforms by twinning, and a possible explanation could be that under the cyclic conditions encountered in the CBT test less twinning occurs. This is however purely speculative, and it is not clear how twinning affects hardening. Note further that material BR1 is the only material where the results of type 6 and 7 are on average actually higher than the points of type 5, but this may be accidental.
Both multi phase materials (dual-phase steel and strained stainless steel) show an influence of experimental conditions that is not encountered in any of the other materials. This is presented in Fig. 21 that shows that a larger roll penetration (parameter P in Fig. 1 ) results in lower strength after the CBT test. Although the results are somewhat obscured by scatter, the tendency is clear. In tests with a higher penetration the bending radius is smaller, and consequently the bending strains are larger. This means that also the strain cycles as indicated in Fig. 3 by line 4 are larger. This considerably increases the total incremental strain, and this could be observed easily as a considerable heating of the specimens by the dissipation of mechanical work in tests with a higher roll penetration. This can explain the effect for stainless steel. SS304 is an austenitic stainless steel that partially transforms to martensite by plastic deformation, but the rate of transformation strongly depends on the temperature. So the higher temperature occurring in tests with higher depth setting causes less transformation and consequently a lower strength. This also indicates that this effect might be eliminated by performing tests at true constant temperature. Similar effects are observed with dual-phase steel. The reason for this is unknown as it is unlikely that this is caused by a mechanism as described for stainless steel.
Discussion of results
The results presented above lead to the following conclusions with only a few exceptions: -the strength of the material after CBT testing is independent of the specific conditions during the CBT test-the strength is only determined by the macroscopic length strain, and seems to follow the normal hardening relation of the material.
Note that the latter conclusion automatically implies the first. This is a relevant observation as it implies that indeed the CBT test can be used as a means to characterize material at high strain levels, at least potentially. The underlying observation is that the cyclic strain history as shown in Fig. 3 does not affect final hardening. To be precise: it suggests that material that is subjected to cyclic straining recovers its 'original' strength when subjected to consecutive monotonous straining. Unfortunately there is little literature that either confirms or invalidates this assumption. Only few references have been found, and for low strains only. For example, steel sheet material can be flattened by so-called tension levelling that uses cyclic bending very similar to the CBT test; yet it is well known that this process barely affects the mechanical properties including the yield stress, despite the fact that the incremental cyclic strain may be as high as 10%. Fatigue type experiments are also carried out frequently, but in general the strain level is very low. Kang and co-workers have carried out several ratcheting experiments and Fig. 22 presents a reprocessing of results published by Kang et al. [12] . The solid line presents the stress history in an experiment, where however not all individual stress cycles are shown. The dashed line presents stress in a monotonous test. The results show that when the test is continued as a monotonous test after performing 50 stress cycles, the stress returns to the monotonous level. But as the strain levels in this and similar tests are much lower than in the CBT tests described in the present paper, this can only serve as an indication. Cyclic straining to high strain levels can be carried out by torsion of thin-walled tubes. For example Meyer et al. have carried out an extensive test program on both aluminium and alloyed steel under a wide range of conditions, showing how the stress amplitude depends on experimental conditions [13] . The strain history in their tests is similar to that shown in Fig. 3, lines 3 and 4. But their cyclic tests have never been continued as a simple monotonous test, so there is no reference.
The fact that all materials present similar results (excluding some second order effects) strongly supports the conclusion that apparently materials recover their original strength after cyclic testing, when subjected to monotonous straining, but a thorough explanation has yet to be given. Brass seems to be an exception. It is known that brass deforms by twinning, but it is not known how this affects hardening in the CBT test. Recent work of Sakharova et al. showed that strain path changes promote the onset of premature twinning in brass [14] , and as in the CBT test obviously the strain path frequently changes, this can affect hardening. But as the Sakharova tests are limited to strains of 0.3, a direct translation of their results is not possible.
Proposal
A simple outlook is now that these tests can be used to construct hardening curves up to high levels of strain, certainly if some precautions are taken. The question arises if we need all that amount of work to construct a hardening curve, or if it can be obtained from a single recorded force-displacement curve. After all, at any moment the pulling force is a certain fraction of the true flow force defined as flow stress  cross-section area, see [7] . So it should be possible to obtain the flow stress from a single curve. The problem is that this fraction not only depends on the experimental conditions, but also changes during a single test, so a simple conversion is not possible. To further substantiate this proposal it can be checked if the individual measured forcedisplacement curves do exhibit typical material characteristics. This is done in Fig. 23 that presents a collection of force-displacement curves (after smoothing) for all materials, all obtained using the same experimental conditions. For easy comparison the force has been converted into engineering stress defined as the measured pulling force divided by the original cross-section area. It is clear that indeed these curves do show the characteristic hardening behaviour of the materials, most notably seen in the different elongations at maximum stress. The results also show an influence of thickness. All mild steel variants have very similar mechanical properties (Table 1 ), yet the dashed curves for the thicker variants MS2 and MS5 are clearly lower than the solid curves for the thinner variants, although the image is somewhat obscured by the grey curve for the pre-strained material MS6. To actually construct the hardening relation from such a single curve requires a much more thorough analysis of the test, but it should be possible. The process of smoothing may have affected the very first and last part of the curves.
Final discussion and recommendations
The aim of this study was to determine if the CBT test can be used to determine the strength of materials at high strain levels. Based on the consistent results for many different materials, the first, cautious conclusion is affirmative. The results presented here are taken from a test program that was aiming at formability, not material behaviour. Consequently the individual tests were not optimized for material characterization, with exception the test of materials MS3 and MS4 that show that the level of scatter can be reduced significantly if the settings are chosen carefully. The best results are obtained by performing secondary tensile tests under controlled conditions on samples taken from specimens that have been CBT tested but not until fracture. Nevertheless, confirmation from another laboratory is advisable, as is comparison to characterization of material elongated in another way like rolling. In this way the original tests proposed by Taraldsen [1] are ideal as they do not incorporate bending, but they are more difficult to perform than the CBT test. It might seem obvious to do an analysis, for example by FEM, but that would require a material model that is known to be able to cope with cyclic straining at high strains sufficiently accurate, and such models are still under development. The results presented here may help to develop or verify such advanced material models.
Conclusions
The strength of materials after cyclic stretch-bending has been measured for a wide variety of materials up to high levels of uniform elongation.
The strength is independent of the experimental details of the cyclic pre-deformation, with the exception of stainless steel and dual-phase steel that both show a slight influence of experimental conditions.
The level of hardening agrees with an extrapolation of the hardening in a conventional tensile test, notably for low-C steel where the hardening obeys a power law to high strain levels; only brass seems to be an exception.
The results indicate that potentially the CBT test can be used to determine the hardening relation of materials at high strain, but more research is required.
